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A B S T R A C T
For targeted prevention of falls, it is necessary to identify individuals with balance impairments. To test
the sensitivity ofmeasures of variability, local stability and orbital stability of trunk kinematics to balance
impairments during gait, we used galvanic vestibular stimulation (GVS) to impair balance in 12 young
adults while walking on a treadmill at different speeds. Inertial sensors were used to measure trunk
accelerations, from which variability in the medio-lateral direction and local and orbital stability were
calculated. The short-term Lyapunov exponent and variability reﬂected the destabilizing effect of GVS,
while the long-term Lyapunov exponent and Floquetmultipliers suggested increased stability. Therefore,
we concluded that only short-term Lyapunov exponents and variability can be used to asses stability of
gait. In addition, to investigate the feasibility of using these measures in screening for fall risk, the
presence or absence of GVS was predicted with variability and the short-term Lyapunov exponent.
Predictions were good at all walking speeds, but best at preferred walking speed, with a correct
classiﬁcation in 83.3% of the cases.
 2011 Elsevier B.V.
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Open access under the Elsevier OA license. 1. Introduction
Kinematic variability during gait is increased in older adults,
especially in those prone to falling [1–3], and may be a predictor of
the risk of falling as it reﬂects the amount and magnitude of the
perturbations encountered. Additional information might be
gained from estimating stability with nonlinear dynamic stability
measures, which are believed to provide information on how the
neuromuscular system controls locomotion and responds to small
perturbations [3–5]. These perturbations do not have to be
superimposed, since the measures depend on perturbations
inherent in the system [4,6,7]. Nonlinear dynamic stability of
trunk kinematics seemsmost sensitive to differences between, e.g.
elderly and young subjects [8]. Two measures used in this
approach are maximum ﬁnite time Lyapunov exponents (estimat-
ing local stability) and maximum Floquet multipliers (estimating
orbital stability). Both measures have a sound theoretical and
mathematical basis [7,9,10]. Nevertheless, it remains to be shown* Corresponding author at: Research Institute MOVE, Faculty of Human
Movement Sciences, VU University Amsterdam, Van der Boechorststraat 9, NL-
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Open access under the Elsevier OA license. whether these measures actually reﬂect balance impairments, and
the probability of falling during walking [11,12].
Simulation studies have shown that Floquet multipliers do not
correlate with the chance of falling using a simple walking model
[13,14]. For maximum ﬁnite time Lyapunov exponents, results
were more ambiguous. The Lyapunov exponent calculated for the
long-term (3–4 steps) did not correlate with the chance of falling
[14], while the short-term exponent (0–0.1 step [14] or 0–1 strides
[15]) did. However, in studies on human walking, both Floquet
multipliers and maximum ﬁnite time Lyapunov exponents were
reported to discriminate elderly fallers from non-fallers, and older
adults from younger controls [3,12,16]. Still, apart from the fact
that these studies were non-experimental, they may have been
biased by methodological choices, e.g. measuring at preferred
rather than a ﬁxed walking speed [17] and analyzing a ﬁxed time
rather than a ﬁxed number of strides [18]. To our knowledge, only
one experimental study has compared normal gait stability to
balance when gait is impaired by walking on a compliant surface
[19], indicating that impaired balance may be detected using
maximum ﬁnite time Lyapunov exponents at the group level.
However, walking speed was again uncontrolled. Thus, although
there is evidence from modeling studies that Floquet multipliers
and long-term Lyapunov exponents do not quantify the probability
of falling while the short-term Lyapunov exponent does, the value
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human walking remains to be further elucidated.
For this purpose, we measured individual subjects both in a
stable condition and when balance was impaired. To simulate
balance impairments such as caused by pathology or aging, we
electrically stimulated the vestibular system [20] by randomly
varying bilateral bipolar galvanic vestibular stimulation (GVS). It is
known that GVS can be used to inﬂuence balance [21] and to study
balance control during standing and walking [21–24]. Similar to
aging, GVS affects stability mostly in the medio-lateral direction
[25]. We thus focused on frontal plane kinematics.
Walking speed substantially affects the variability of trunk
accelerations, as well asmaximumﬁnite time Lyapunov exponents
[5,12,26,27]. Subjects were therefore measured while walking at
different speeds; i.e. preferredwalking speed and twoﬁxed speeds.
If changes in stability could be detected at preferredwalking speed,
this would be very practical as individuals can be expected to walk
at this speed most of the time. Stability and variability at a ﬁxed
speed level could be used to study an individual’s capacity to attain
stable gait under given circumstances.
In summary, we tested whether (combinations of) measures of
variability, and local and orbital dynamic stabilitywere sensitive to
experimentally induced impaired gait stability, during treadmill
walking at several different speeds.
2. Methods
2.1. Subjects
Twelve healthy volunteers participated in this study (Table 1). Exclusion criteria
were: history of recent lower extremity injuries or disabilities, any visible gait
asymmetries, neurological deﬁcits or mental problems, heart diseases or
medication affecting the ability to walk or stand (e.g. anti-histamines). Alcohol
consumption was prohibited for 24 h prior to testing. All participants ﬁlled in a
medical history form and provided informed consent. The protocolwas approved by
the Local Ethical Committee.
2.2. Instruments
Portable, wireless inertial sensors (Xsens Technology, Enschede, The
Netherlands) were attached to the right heel and on the spine at the level of T6
(Fig. 1). These inertial sensors measured 3D linear accelerations and angular
velocities during each trial at 50 samples/s. During all trials, subjects wore their
own comfortable shoes and clothes and a safety harness that allowed natural arm
and leg swing.
In order to apply GVS, two ﬂexible carbon surface electrodes were attached with
electro conductive adhesive gel (Tac GelTM) over the mastoid bones. A computer-
controlled stimulator (IDEE, Maastricht University, The Netherlands) was used to
apply a quasi-random current stimulus with a maximal magnitude of about 2.2 mA
to each subject, irrespective of skin and temporal bone conductance, inducing a
mild impairment of stability without causing falls. This maximal magnitude was
selected because it was beyond the response threshold of 0.2–0.5 mA found in other
studies [24,28] and around the level of response saturation [22]. To prevent
adaptation, the galvanic stimulus was composed of a linear summation of 5
sinusoids with different frequencies (0.02, 0.07, 0.11, 0.30, and 0.50 Hz), with the
same phase and a maximum amplitude of 0.6 mA. We used a composition of these
frequencies since earlier research showed that stimuli with frequencies of 0–1 Hz
[29], 0.05–5 Hz [30], and 0.2 and 0.5 [22] resulted in continuous modulation of
medio-lateral postural sway. The cathode and anode switched when the current
became negative. For the subject, the resulting stimulus therefore unpredictably
changed not only in magnitude but also in direction.
2.3. Procedure
Prior to testing, the subject’s reaction to GVS was tested, although no negative
physiological or mental side effects are known [22,23]. When discomfort wasTable 1
Subjects characteristics, means with standard deviations be-
tween brackets.
Gender 3 female, 9 male
Age 23.7 (2.4) yrs
Height 1.82 (0.10)m
Body mass 76.3 (11.9) kgexperienced, the electrodes were repositioned, which solved the problem in all
cases. Subsequently, each subject’s preferred walking speed (PWS) was determined
during over ground walking, while subjects were unaware of the measurement
taking place. The subjectswalked three times over a ﬁxed distance (10 m) in steady-
state gait and the time taken was measured and averaged.
After familiarisation, measurements were performed while walking at 0.69 m/s
(2.5 km/h; trial duration of 3.5 min), at PWS (3 min) and at 1.53 m/s (5.5 km/h;
2.5 min) on a treadmill (Biostar GiantTM, Biometrics, Almere, The Netherlands).
Speed levels, and starting or endingwith the GVS-trial within each speed level were
randomized, and a 5 min breakwas allowed between speed levels. Because galvanic
induced body sway is directed lateral to the orientation of the head, regardless of
the body orientation [20], participants were instructed to look straight ahead.
2.4. Data analysis
All measures are presented in inertial sensor axes. During normal upright stance
the positive X-axis was directed vertically downwards, the positive Y-axis was
directed towards the right and the positive Z-axis was directed towards the front of
the subject, as illustrated in Fig. 1.
Raw unﬁltered data were analyzed to assure that the nonlinearity was not lost or
altered due to ﬁltering [31]. MATLAB (version 7.5, TheMathWorks BV, Natrick, USA)
and SPSS (version 17.0, SPSS Inc., Chicago, USA) were used for analyses. Heel strikes
were determined as the maximal vertical acceleration of the right heel sensor and
stride time was determined as the time between two consecutive right heel strikes.
Strideswere time-normalized to the average stride length for each speed level. Note
that this yielded different numbers of samples between speed conditions, but since
we did not intend to study the effect of speed this was deemed less important than
the fact that this allowed for minimizing the change in number of samples in the
normalization procedure.
At each percentage of the stride cycle, the standard deviation between strides
was calculated for the trunk kinematics in the medio-lateral plane, i.e. linear
acceleration in the Y-direction (SDa) and angular velocity around the Z-axis (SDv).
Subsequently, these estimates were averaged over the normalized stride cycle
resulting in variability measures.
For the nonlinear dynamic measures, a state space was created by using the
linear acceleration and angular velocities of the trunk in all three directions and
their time-delayed copies [11]. Because these time series all had the same average
frequency due to normalization, a ﬁxed time-delay could be used for state space
construction [18,26]. We used a time-delay of a quarter of the normalized stride
time, which roughly corresponds to the derivative. Local and orbital stability were
calculated over time series containing a ﬁxed number of strides to exclude the
inﬂuence of data series length [18].
Local stability was estimated by calculating short-term (over 0–0.5 stride
[11,17,18]) and long-term (over 4–10 strides [4,5,11,17,18,32]) Lyapunov
exponents (ls and ll), which express the exponential rate of divergence or
convergence after a small disturbance of nearby orbits in state space [4,9]. Because
nearby orbits correspond to nearly identical states, a positive l indicates that
systems with initial differences will soon behave quite differently, and stability is
low [4,9].
Orbital stability was calculated using Floquet multipliers (FM) which reﬂect how
the system responds to small perturbations discretely, from one cycle to the next
[7]. A limit cycle is orbitally stable if all FM are smaller than one, else the limit cycle
is orbitally unstable [7]. For analysis, themean of all maximumFMat each instant in
time was calculated, which gives an index of the instability over the stride cycle.
2.5. Statistical analysis
A 2  3 (with/without GVS walking speed) repeated measures ANOVA was
performed to test the effects of GVS and walking speed on SDa, SDv, ls, ll and FM.
Subsequently, post hoc paired sample t-tests with Bonferroni correction were
performed to determine whether the effect of GVS could be detected at eachwalking
speed. In addition, to assess the sensitivity of themeasures at the individual level, for
each speed condition, discriminant analyses were performed with GVS as
classiﬁcation variable and selected measures (based on the preceding analyses and
after checking formulti-collinearity) as predictor variables. A signiﬁcant discriminant
model allows prediction of whether GVS was present, based on the trunk kinematic
variables. The percentage of correct predictions and the speciﬁcity and sensitivity
were assessed. In all tests, a p-value less than 0.05 was considered signiﬁcant.
3. Results
Due to technical problems, the 0.69 m/s with GVS condition of
one subject did not yield useful data and was excluded from
analysis. For all subjects, 115 strides were analyzed for all trials.
Preferred walking speed (1.47 (SD 0.14) m/s) was not signiﬁcantly
different from the fast (1.53 m/s) condition (p = 0.079, paired t-
test). Normalization for the 0.69 m/swas done to 78 samples/stride
and for the two faster conditions to 49 samples/stride.
Fig. 1. Inertial sensor orientation, positive axis are drawn.
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(Table 2); SDa, SDv and ls were increased relative to the condition
without GVS, while ll and FMwere decreased (Fig. 2). Main effects
for walking speed were found for SDa, SDv, ls and ll (Fig. 2). Post
hoc t-tests demonstrated that the effect of GVS could not be
detected for all measures at individual walking speeds; for SDa and
ls the effect of GVS was signiﬁcant for all speeds (p  0.001 andTrunk variability
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Fig. 2. Gait stability measures with and without GVS, mp  0.013, respectively). However, for SDv the effect of GVS was
only signiﬁcant at 0.69 m/s and 1.53 m/s (p  0.002) and forll only
at 1.53 m/s (p < 0.001).
Based on these results and a high partial correlation (corrected
for GVS and walking speed) between SDa and SDv (r = 0.698,
p < 0.001), SDa and ls were further analyzed to determine their
predictive value for impaired stability at the individual levelTrunk variability
0.00
0.20
0.40
0.60
0.80
p=0.002p<0.001
S
D
ω
Lyapunov Exponents
0.00
0.02
0.04
0.06
p<0.001
λ l
0.69 m/s with GVS
0.69 m/s without GVS
PWS with GVS
PWS without GVS
1.53 m/s with GVS
1.53 m/s without GVS
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Table 2
Results of repeated measures ANOVAs testing the main and interaction effects of
GVS and gait speed on each gait stability parameter. NS=non-signiﬁcant.
GVS Walking speed Interaction
effect
SDa F(1.00, 10.00) =64.13
p<0.001
F(2.00, 20.00) =24.47
p<0.001
NS
SDv F(1.00, 10.00) =32.30
p<0.001
F(2.00, 20.00) =17.16
p<0.001
NS
FM F(1.00, 10.00) =5.46
p=0.042
NS NS
ls F(1.00, 10.00) =36.15
p<0.001
F(1.17.7446) =14.30
p=0.001
NS
ll F(1.00, 10.00) =8.79
p=0.014
F(2.00, 20.00) =39.40
p<0.001
NS
K.S. van Schooten et al. / Gait & Posture 33 (2011) 656–660 659(Fig. 3). Discriminant analysis yielded a signiﬁcant model at each
walking speed. At 0.69 m/s, 81.8% of the 22 trials were correctly
classiﬁed (Wilk’s l = 0.599, p = 0.008) as with or without GVS with
a sensitivity of 72.7% and a speciﬁcity of 90.9%. At 1.53 m/s, the
discriminant model (Wilk’s l = 0.615, p = 0.006) correctly classi-
ﬁed trials in 79.2% of the 24 trials with a speciﬁcity of 75% and
sensitivity of 83.3%. At PWS, the discriminant model (Wilk’s
l = 0.494, p = 0.001) correctly predicted 83.3% of 24 trials, with
both a speciﬁcity and sensitivity of 83.3%.
4. Discussion
The present study investigated whether (combinations of)
medio-lateral variability of trunk accelerations (SDa and SDv) and
measures of local and orbital dynamic stability reﬂect the
assumedly impaired balance induced by GVS.
Previous work indicated that increased kinematic variability
may reﬂect balance impairments [1–3]. In line with this, we found
that the variability of medio-lateral trunk kinematics was0 0.5 1
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Fig. 3. Scatter plots of the individual datawith andwithout GVS for variability of trunk acc
represent the identity line.increased with GVS, supporting the use of these measures in
assessment of balance control. In apparent contrast, one study has
reported lower variability ofmedio-lateral trunk kinematics in frail
compared to ﬁt elderly women [27]. Possibly, this reﬂects
compensatory gait adaptations in the frail women. Our results
also support the use of ls as a measure to assess balance control,
which is in line with previous modeling [14,15], showing that the
probability of falling in a simple walking model was correlated to
ls. For ll and FM, the results were opposite to expected from
theoretical rationale, as they were lower when balance was
impaired, which suggests that these measures cannot be used to
assess stability during gait. This is in line with previous ﬁndings
that FM [13,14] and ll [14] are not related to the probability of
falling in a simplewalkingmodel. Su andDingwell [14] argued that
since the model never ‘‘fell over’’ it did remain ‘‘stable’’ and thus
the inherent stability [6] may still have been quantiﬁed by these
measures. However, we altered the stability of human locomotion
in our study using GVS and therefore expected to measure this
decreased (inherent) stability, even though the subjects did not
fall. The reason that we did not ﬁnd this, or rather, found the
opposite, may be due to compensatory changes, which occur at
longer time scales than half a stride. However, such a claim would
require additional research. For now, the only conclusion that can
be drawn from these results appears to be that ll and FM cannot be
used to assess stability during gait.
Discriminant analysis was used to test whether the measures
used could detect the presence of impaired gait stability on an
individual basis. Trials were classiﬁed according to presence or
absence of GVS, with SDa and ls as independent variables. This
analysis was successful for all walking speeds, and slightly better
for PWS. Overall, a combination of SDa and ls allowed reasonably
accurate classiﬁcation, suggesting that these measures combined
may be useful in estimating individual fall risk. Moreover,
evaluation of intervention effects on fall risk could be an even0.5 1
WS
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between-subject variance, which appeared to be substantial in this
study (Fig. 2).
In the current study, balance control was impaired by
application of randomly varying GVS. The mean absolute effects
were 11% for ls, 20% for SDa, and 10% for SDv. The effects of aging
reported in literature for ls vary from 35 to 50% [8,12].
Unfortunately, no reference values were found for SDa and SDv.
Although walking speed varied in the above-mentioned studies,
which inﬂuenced stability, it seems that instabilities induced by
GVS are smaller than those due to aging. This would imply that
effects induced by aging can be detected quite well.
We used inertial sensors for measuring trunk kinematics rather
than more commonly used optical methods, as the inertial sensors
can easily be used in clinical practice [11]. We have previously
shown that measured local dynamic stability is comparable
between these measuring methods [12]. However, values of FM
were less well correlated between these measurement systems.
This appeared due to the sensitivity of FM to measurement noise,
which could also have inﬂuenced our results. However, the fact
that we did ﬁnd a signiﬁcant main effect of GVS on FM, although in
a direction opposite than expected, suggests that themeasurement
noise was of limited importance.
The time-normalization thatwe usedwas different between the
walking speeds, i.e. to 78 data points/stride for walking at 0.69 m/s
and 49 data points/stride for the two other speeds. Consequently,
the results at 0.69 m/s cannot be compared to both other walking
speeds [26], but extensive up or down sampling, which may
inﬂuence the results of interest, was prevented in this way.
Another limitation of our study was the use of a treadmill to
control walking speed, because differences in variability and local
dynamic stability of gait between treadmill and over ground
walking have been reported [4,32,33]. Since it may be more
feasible in clinical practice to assess stability during over ground
walking, subsequent studies should address how well these
measures work during over ground walking. In addition, heel
contact was determined as themaximal vertical acceleration of the
right heel sensor. To further simplify the measurement system,
subsequent studies may investigate whether the sensor on the
spine can also be used to detect heel contact, as this would
facilitate clinical implementation.
In conclusion, variability and ls of trunk kinematics can be used
to assess balance control in gait, while ll and FM cannot. Detection
of the presence or absence of GVS was fairly accurate with SDa
(linear trunk acceleration variability) and ls (the short-term
Lyapunov exponent of trunk kinematics). It was found that
prediction was best at preferred walking speed, with a correct
classiﬁcation of 83.3%. This suggests that a portable system can be
used for the diagnosis of stability problems during gait.
Acknowledgements
The authorswould like to thankWarner ten Kate for the support
and trial versions of the inertial sensors and are grateful to Josien
van der Noort for her assistance with the inertial sensors. Mirjam
Pijnappels and Kim van Schooten were ﬁnancially supported by a
TOP-NIG grant (#91209021) from the Netherlands Organization
for Scientiﬁc Research (NWO). Sjoerd Bruijn was partly funded by a
grant from Biomet Nederland.
Conﬂict of interest statement
None of the authors of this paper had any conﬂict of interest
that could inappropriately inﬂuence (i.e., bias) the presented work.References
[1] Hausdorff JM, Rios DA, Edelberg HK. Gait variability and fall risk in communi-
ty-living older adults: a 1-year prospective study. Arch Phys Med Rehabil
2001;82:1050–6.
[2] Menz HB, Lord SR, Fitzpatrick RC. Age-related differences in walking stability.
Age Ageing 2003;32:137–42.
[3] Buzzi UH, Stergiou N, Kurz MJ, Hageman PA, Heidel J. Nonlinear dynamics
indicates aging affects variability during gait. Clin Biomech 2003;18:435–43.
[4] Dingwell JB, Cusomano JP. Nonlinear time series analysis of normal and
pathological human walking. Chaos 2000;10:848–63.
[5] Dingwell JB,Marin LC. Kinematic variability and local dynamic stability of upper
body motions when walking at different speeds. J Biomech 2006;39:444–52.
[6] Nayfeh AH, Balachandran B. Applied Nonlinear Dynamics: Analytical, Compu-
tattional, and Experimental Methods. In Su JLS, Dingwell JB, dynamic stability of
passive dynamicwalking on an irregular surfave. J Biomech Eng 2007;129:802–
811 1995.
[7] Dingwell JB, Kang HG, Marin LC. The effects of sensory loss and walking speed
on the orbital dynamic stability of human walking. J Biomech 2007;40:1723–
30.
[8] Kang HG, Dingwell JB. Dynamic stability of superior vs. inferior segments
during walking in young and older adults. Gait Posture 2009;30:260–3.
[9] Rosenstein M, Collins JJ, de Luca CJ. A practical method for calculating largest
Lyapunov exponents from small data sets. Physica D 1993;65:117–34.
[10] Hurmuzlu Y, Basdogan C. On the measurement of dynamic stability of human
locomotion. J Biomech Eng 1994;116:30–6.
[11] Bruijn SM, Ten KateWR, Faber GS,Meijer OG, Beek PJ, van Dieen JH. Estimating
dynamic gait stability using data from non-aligned inertial sensors. Ann
Biomed Eng 2010;38:2588–93.
[12] Kang HG, Dingwell JB. Effects of walking speed, strength and range of motion
on gait stability in healthy older adults. J Biomech 2008;41:2899–905.
[13] Hobbelen DGE, Wisse M. Disturbance rejection measure for limit cycle walk-
ers: the gait sensitivity norm. IEEE Trans Robotics 2007;23:1213–24.
[14] Su JLS, Dingwell JB. Dynamic stability of passive dynamic walking on an
irregular surfave. J Biomech Eng 2007;129:802–11.
[15] Kurz MJ, Markopoulou K, Stergiou N. Attractor divergence as a metric for
assessing walking balance. Nonlinear Dynamics Psychol Life Sci 2010;14:151–
64.
[16] Granata KP, Lockhart TE. Dynamic stability differences in fall-prone and
healthy adults. J Electromyogr Kinesiol 2008;18:172–8.
[17] Bruijn SM, van Dieen JH, Meijer OG, Beek PJ. Is slow walking more stable? J
Biomech 2009;42:1506–12.
[18] Bruijn SM, van Diee¨n JH, Meijer OG, Beek PJ. Statistical precision and sensitiv-
ity of measures of dynamic gait stability. J Neurosci Methods 2009;178:327–
33.
[19] ChangMD, Sejdic E,Wright V, Chau T.Measures of dynamic stability: detecting
differences between walking overground and on a compliant surface. Hum
Mov Sci 2010;29:977–86.
[20] Wardman DL, Fitzpatrick RC. What does galvanic vestibular stimulation
stimulate? Adv Exp Med Biol 2002;508:119–28.
[21] Scinicariello AP, Eaton K, Inglis JT, Collins JJ. Enhancing human balance control
with galvanic vestibular stimulation. Biol Cybern 2001;84:475–80.
[22] Balter SGT, Stokroos RJ, de Jong I, Bouwmans R, van der Laan M, Kingma H.
Background on methods of stimulation in galvanic-induced body sway in
youngh healthy adults. Acta Otolaryngol 2004;124:262–71.
[23] Jahn K, Strupp M, Schneider E, Dieterich M, Brandt T. Differential effects of
vestibular stimulation on walking and running. NeuroReport 2000;11:1745–
8.
[24] Kennedy PM, Cressman EK, Carlsen AN, Chua R. Assessing vestibular con-
tributions during changes in gait trajectory. NeuroReport 2005;16:1097–100.
[25] Rogers MW,Mille ML. Lateral stability and falls in older people. Exerc Sport Sci
Rev 2003;31:182–7.
[26] England SA, Granata KP. The inﬂuence of gait speed on local dynamic stability
of walking. Gait Posture 2007;25:172–8.
[27] Moe-Nilssen R, Helbostad JL. Interstride trunk acceleration variability but not
step width variability can differentiate between ﬁt and frail older adults. Gait
Posture 2005;21:164–70.
[28] Bent LR, McFadyen BJ, French Merkley V, Kennedy PM, Inglis JT. Magnitude
effects of galvanic vestibular stimulation on the trajectory of human gait.
Neurosci Lett 2000;279:157–60.
[29] Pavlik AE, Inglis JT, Lauk M, Oddsson L, Collins JJ. The effects of stochastic
galvanic vestibular stimulation on human postural sway. Exp Brain Res
1999;124:273–80.
[30] Fitzpatrick R, Burke D, Gandevia SC. Loop gain of reﬂexes controlling human
standing measured with the use of postural and vestibular disturbances. J
Neurophysiol 1996;76:3994–4008.
[31] Mees AI, Judd K. Dangers of geometric ﬁltering. Physica D 1993;68:427–36.
[32] Dingwell JB, Cusumano JP, Cavanagh PR, Sternad D. Local dynamic stability
versus kinematic variability of continuous overground and treadmill walking.
J Biomech Eng 2001;123:27–32.
[33] Alton F, Baldey L, Caplan S, Morrissey MC. A kinematic comparison of over-
ground and treadmill walking. Clin Biomech (Bristol Avon) 1998;13:434–40.
